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Sunday, February 21, 2010 137aindeed fixed by counting subunits in many individual complexes using TIRF
microscopy (Ulbrich and Isacoff, 2007, 2008). We expressed GFP-tagged
KCNQ1 or KCNE1 in Xenopus oocytes at low density and counted bleaching
steps in many fluorescent spots corresponding to single channel complexes.
First, we confirmed that KCNQ1 forms a tetramer. Next we counted GFP-
tagged KCNE1 subunits co-expressed with mCherry-tagged KCNQ1. We ob-
served up to four bleaching steps from GFP-KCNE1 co-localized with
mCherry, indicating that up to four KCNE1 subunits can bind to one
KCNQ1 tetrameric channel. We find that the number of KCNE1 subunits per
complex increases as the expression of KCNE1 is raised relative to that of
KCNQ1. Our results suggest that modulation of KCNQ channels may be reg-
ulated by the level of expression of KCNE subunits.
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Structural Underpinnings for Modulation of the Voltage-Gated Potassium
Channel KCNQ1 by the KCNE Family of Proteins
Wade D. Van Horn, Congbao Kang, Carlos G. Vanoye, Richard C. Welch,
Alfred L. George, Charles R. Sanders.
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The voltage-gated potassium channel KCNQ1 is modulated by KCNE1 to
form the IKs current involved in cardiac repolarization. KCNE1 is the best
characterized member of a family of modulatory proteins which impart dis-
tinct ion channel physiology. Mutations in KCNQ1 and familial KCNE pro-
teins have been linked to human diseases including congenital deafness and
congenital long QT syndrome, which is an inherited predisposition to poten-
tially life-threatening cardiac arrhythmias. The biophysical basis of the
KCNE1 modulation of KCNQ1 has been previously characterized in our
lab with an interdisciplinary approach utilizing nuclear magnetic resonance
(NMR) spectroscopy, electrophysiology, biochemistry, and computational bi-
ology. In this work we extend the characterization to include two other family
members; namely, KCNE3 and KCNE4. KCNQ1 homology models and the
KCNE family proteins KCNE1, KCNE3, and KCNE4 are used as the basis
of a comparative study to deduce the molecular mechanisms of voltage-gated
potassium channel regulation by these accessory subunits. KCNE1 binds to
KCNQ1 and causes delayed channel activation and increased conductance,
while, KCNE3 promotes rapid and increased conductance in KCNQ1. On
the other hand, KCNE4 binding causes a strict inhibition of KCNQ1 conduc-
tance. In this work we present data that suggests the structural biological basis
for how the homologous KCNE1, KCNE3, and KCNE4 proteins modulate
KCNQ1 in such starkly contrasting manners. This work was supported by
NIH grant R01DC007416.
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KCNE4 Juxtamembrane Region Interacts with Calmodulin and is
Necessary for KCNQ1 Modulation
Erin J. Ciampa, Carlos G. Vanoye, Alfred L. George Jr.
Vanderbilt University, Nashville, TN, USA.
Voltage-gated potassium (KV) channels are modulated by the KCNE family of
single transmembrane proteins. A membrane-based yeast two-hybrid screen to
discover KCNE4 interacting proteins identified calmodulin (CaM) as a candi-
date. Previous studies demonstrated that CaM binding to KCNQ1 is required
for functional expression of KCNQ1-KCNE1 channels in vitro, and increasing
concentrations of intracellular calcium stimulate KCNQ1-KCNE1 channels in
Xenopus oocytes in the presence of wild-type CaM but not mutant CaM that
cannot bind calcium. We have tested the functional consequences of the inter-
action between KCNE4 and CaM with the hypothesis that KCNE4 modulation
of KV currents may depend on its interaction with CaM. We validated the bio-
chemical interaction between KCNE4 and CaM using CaM-agarose pull-
down, and tested KCNE4 mutants that targeted putative CaM binding sites.
Mutation of a juxtamembrane site (L[69-72]A) exhibited near complete dis-
ruption of CaM binding, whereas biotinylation studies performed in CHO
cells confirmed expression of the mutant protein at the cell surface. The abil-
ity of L[69-72]A to modulate KCNQ1 was then studied using whole-cell
patch clamp recording to determine if functional consequences accompany
the loss of CaM binding. Wild-type KCNE4 completely inhibits potassium
current in CHO cells transiently co-transfected with KCNQ1, but cells co-
expressing KCNQ1 with L[69-72]A exhibited KCNQ1-like currents. Mean
(5 SEM) current density (measured during step to þ60 mV from holding
potential of 80 mV) in cells expressing KCNQ1 alone was 37.0 5 4.25,
not significantly different from cells co-expressing KCNQ1 with L[69-72]A
(32.1 5 3.3), but significantly different from cells co-expressing KCNQ1
with wild-type KCNE4 (3.3 5 0.35). These studies suggest that a juxtamem-
brane region in KCNE4 is critical for its interaction with CaM and is neces-
sary for modulation of KCNQ1.710-Pos
Molecular Mechanisms Underlying Membrane Potential-Mediated Regu-
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Yifat Segal-Hayoun, Asi Cohen, Noam Zilberberg.
Ben Gurion University, Beer Sheva, Israel.
The activity of background K2P channels adjusts the resting membrane poten-
tial to enable plasticity of excitable cells. Here we have studied the regulation
of neuronal human K2P2.1 (KCNK2, TREK-1) channel activity by resting
membrane potential. When heterologously expressed in Xenopus laevis
oocytes, K2P2.1 currents gradually increased several fold at hyperpolarizing
potentials and declined several fold at depolarizing potentials, with a midpoint
potential of60 mV. As K2P channels are not equipped with an integral voltage
sensor, we sought extrinsic cellular components that could convert changes in
the membrane electrical field to cellular activity that would indirectly modify
K2P2.1 currents. K2P2.1 voltage sensitivity was found not to be mediated by
the activity of either voltage activated calcium channels, the Xenopus voltage
sensitive proton channel (Xl-Hv) or the Xenopus voltage sensor-containing
phosphatase (Xl-VSP). On the other hand, we report that membrane depolariza-
tion activated the Gq protein-coupled receptor pathway, in the apparent absence
of ligand, resulting in phosphatidylinositol-4,5-bisphosphate (PIP2) depletion
through the action of phospholipase C. Our results suggest a novel mechanism
in which an indirect pathway confers membrane potential regulation onto chan-
nels that are not intrinsically voltage-sensitive to enhance regulation of neuro-
nal excitability levels. The ability of these proteins to operate without any ex-
ternal ligand enhances plasticity at the single cell level, independent of higher
regulatory pathways at the tissue or even the organism levels.
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Kþ Channel Interacting Proteins 2, 3 and 4 are Critical Components
of Kv4 Channel Complexes in Cortical Pyramidal Neurons
Aaron J. Norris, Nicholas C. Foeger, Jeanne M. Nebonne.
Washington Univeristy, St. Louis, MO 63110, MO, USA.
The rapidly activating and inactivating voltage-gated Kþ (Kv) current, IA, is
critical for many neuronal functions, including repetitive firing and synaptic in-
tegration. Previous studies revealed that in cortical pyramidal neurons the ma-
jority of IA is encoded by Kv4.2 and Kv4.3 a-subunits. Little, however, is
known about the functional roles of Kþ Channel Interacting Proteins (KChIP)
1, 2, 3, and 4 in the generation of IA. Biochemical experiments revealed that
KChIPs 2, 3 and 4 (2-4) co-immunoprecipitate with Kv4.2 in samples from
mouse cortex suggesting roles for these three KChIPs in the generation of func-
tional Kv4-encoded channels in cortical pyramidal neurons. Electrophysiolog-
ical experiments conducted on cortical pyramidal neurons from mice
(KChIP3-/-) harboring a targeted disruption of the KChIP3 locus revealed
that IA densities and properties were similar to wild type neurons. Interestingly,
in cortical samples from KChIP3-/- mice the protein levels of KChIP 2 and 4
were increased suggesting functional compensation for the loss of KChIP3.
Similarly, in KChIP2-/- cortices KChIP3 and 4 protein levels were increased
relative to wild type. Concurrently knocking down the expression of KChIPs
2-4 using RNAi constructs targeting each of the three KChIPs induced a reduc-
tion in IA density consistent with roles for KChIPs 2-4 in the generation of na-
tive Kv4-encoded IA channels. In cortical samples from Kv4.2
-/- and Kv4.3-/-
mice, the protein expression levels of KChIPs 2-4 were decreased. Addition-
ally, in samples from mice lacking both Kv4.2 and Kv4.3 KChIP2-4 proteins
were barely detectable. Taken together these results demonstrate that KChIPs
2-4 associate with Kv4.2 and Kv4.3 in cortical neurons, this association stabi-
lizes KChIP proteins and, in addition, that KChIPs 2-4 are critical components
of native Kv4 channels in cortical pyramidal neurons.
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HMR 1098 is not an Sur Isotype Specific Inhibitor of Sarcolemmal
or Heterologous KATP Channels
Haixia Zhang, Alejandro Akrouh, Harley T. Kurata, Maria Sara Remedi,
Colin G. Nichols.
Washington University in St. Louis, St. Louis, MO, USA.
Murine ventricular and atrial KATP channels contain different sulfonylurea re-
ceptors (ventricular KATP channels are Kir6.2/SUR2A complexes, while atrial
KATP channels are Kir6.2/SUR1 complex). HMR 1098, the sodium salt of
HMR1883 {1-[[5-[2-(5-chloro-o-anisamido)ethyl]-2-methoxyphenyl]sulfonyl]-
3-methylthiourea}, has been used as a selective sarcolemmal (i.e. SUR2A-
dependent) KATP channel inhibitor. However, specificity for ventricular
versus atrial channels has not been examined. We used whole-cell patch-clamp
techniques on mouse ventricular and atrial myocytes as well as 86Rbþ efflux
assays and excised inside-out patch-clamp techniques on Kir6.2/SUR2A
and Kir6.2/SUR1 channels heterologously expressed in COSm6 cells. In
mouse ventricular myocytes, pinacidil-activated KATP currents were inhibited
138a Sunday, February 21, 2010by HMR 1098 at high (100 ˛mM) but not low (10 ˛mM) concentration. By
contrast, in atrial myocytes, both spontaneously activated and diazoxide-
activated KATP currents were effectively inhibited by 10 ˛mM HMR 1098.
Consistent with this finding, HMR 1098 inhibits 86Rbþ effluxes through
Kir6.2/SUR1 more effectively than Kir6.2/SUR2A channels in COSm6 cells.
In excised inside-out patches, HMR 1098 effectively inhibited Kir6.2/SUR1
channels as well as Kir6.2/SUR2A channels in the absence of nucleotides,
but inhibited Kir6.2/SUR1 channels more effectively than Kir6.2/SUR2A
channels in the presence of MgADP and MgATP (mimicking physiological
stimulation). Finally, dose-dependent enhancement of insulin secretion from
pancreatic islets confirms that HMR 1098 is an effective inhibitor of Kir6.2/
SUR1-composed KATP channels, and is not specific for SUR2A-composed
channels.
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Epac-Mediated Mobilization of Intracellular Calcium in Vascular Myo-
cytes and the Downstream Effects on Arterial KATP Channels
Gregor I. Purves, Tomoko Kamishima, Lowri M. Davies, John M. Quayle,
Caroline Dart.
University of Liverpool, Liverpool, United Kingdom.
Exchange proteins directly activated by cyclic AMP (Epac or cAMP-GEFs) are
a family of novel cAMP-binding effector proteins [1]. Using the Epac-specific
cAMP analogue 8-pCPT-2-O-Me-cAMP we show cAMP-mediated but PKA-
independent mobilization of Ca2þi within vascular myocytes and downstream
effects that culminate in the inhibition of ATP-sensitive potassium (KATP)
channels.
Application of 8-pCPT-2-O-Me-cAMP (5mM) caused a 41.65 4.7% inhibition
of pinacidil-evoked whole-cell KATP currents recorded in isolated rat aortic
smooth muscle cells. Inclusion of the Ca2þ chelator BAPTA (20mM) in the pi-
pette-filling solution reduced the inhibition to 8.75 4.4%, consistent with the
idea that Epac mediates its effects by elevating [Ca2þ]i. In support of this,
8-pCPT-2-O-Me-cAMP (5mM) caused a transient 171.0 5 18.0nM increase
in [Ca2þ]i in Fura-2-loaded myocytes, which persisted in the absence of extra-
cellular Ca2þ. Caffeine-induced Ca2þ transients triggered in the presence of
8-pCPT-2-O-Me-cAMP typically showed a secondary Ca2þ increase, reminis-
cent of ectopic Ca2þ transients observed in Epac-activated cardiac myocytes
[2]. While Ca2þ transients returned to baseline after 15-20s, the inhibition of
KATP current was sustained, suggesting that Ca
2þper se does not affect channel
activity and implicating the involvement of Ca2þ-activated enzymes. Preincu-
bation with calcineurin inhibitors cyclosporin A (10mM) and ascomycin (5mM),
significantly reduced the ability of 8-pCPT-2-O-Me-cAMP to inhibit KATP cur-
rents (inhibition 10.85 2.8% and 7.35 1.6%).
These findings suggest cAMP-mediated Epac activation in vascular smooth
muscle mobilizes Ca2þ from internal stores and inhibits KATP channels through
the activation of the Ca2þ-sensitive enzyme, calcineurin.
1. Bos JL (2006). Trends in Biological Sciences31:680-686
2. Hothi et al (2008). Pflugers Archiv.457:253-270.
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Membrane Potential Imaging in Neurons using Fluorinated Voltage-Sensi-
tive Dyes and a Custom Multiphoton Brain Slice Microscope
Corey D. Acker, Leslie M. Loew.
Richard D. Berlin Center for Cell Analysis and Modeling, University of
Connecticut Health Center, Farmington, CT, USA.
In order to fully understand the physiology of fundamental neurophysiological
processes such as synaptic integration and synaptic plasticity, direct recording
of changes in membrane potential neuronal dendrites and spines is essential. In
an effort to improve voltage-sensitive dye measurements of synaptic potentials
and backpropagating action potentials, our group has developed new fluori-
nated dyes with enhanced photostability. We have also made performance im-
provements on our custom, non-linear optical microscope for greater sensitiv-
ity. By modifying a commercial Zeiss microscope we have added two ‘‘up
front’’ epifluorescence detection channels and one transfluorescence detection
channel. Optics for these new light paths were optimized using numerical ray
tracing. Here we show that we are able to fill individual neurons with these dyes
via somatic patch pipettes and record membrane potential changes in the soma
and dendrites of Purkinje neurons in cerebellar brain slices. Using voltage
clamp protocols, membrane potential was changed in a stepwise fashion, result-
ing in changes in membrane fluorescence. When excited with 1060 nm light,
the new dyes typically produced changes in fluorescence (dF/F) between 3
and 7 % for 50 mV changes in membrane potential. Feasibility of using second
harmonic generation to record membrane potential with these dyes was inves-tigated in a cultured cell line by measuring dSHG/SHG, kinetics, and intensity
as a function of dye concentration.
Work funded by the following NIH grants: R01-EB001963 and P41-RR013186.
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Recent advances in optogenetic techniques have provided new tools for con-
trolling neuronal activity, opening up the way to a range of studies in neurosci-
ence. The most widely used approach has been the optical activation of the
genetically expressed light-gated ion channel Channelrhodopsin-2 (ChR2) to
initiate population activity in neuronal circuits. However, single cell resolution
of optogenetic activation has remained challenging. This is because neither sin-
gle-photon nor conventional two-photon excitation provides the necessary
combination of high spatial selectivity and the simultaneous stimulation of
a sufficiently large membrane area necessary to induce fast and significant de-
polarizations by ChR2 in a single neuron.
The presented work reports on two-photon excitation of ChR2 allowing the
generation of fast and large ChR2-mediated currents in single cells with high
spatial and temporal resolution by using temporally focused beams. It is dem-
onstrated that this technique efficiently induces strong depolarization and reli-
able action potential firing in single ChR2-expressing neurons in rat and mouse
hippocampal slices. It is further shown that subcellular compartments such as
dendrites and large presynaptic terminals can be activated by the TF-2P tech-
nique. The superb spatial and temporal resolution provided by this technique
allows so far unattainable precision for fine manipulation of neuronal activity
to study and control the function of neuronal microcircuits in vitro and in vivo.
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Combining Optical Tweezers, Laser Microdissectors and Multichannel
Electrophysiology for the Non-Invasive Tracing and Manipulation of
Neural Activity on Single Cell and Network Level
Francesco Difato, Emanuele Marconi, Alessandro Maccione,
Luca Berdondini, Evelina Chieregatti, Giuseppe Ronzitti,
Fabio Benfenati, Axel Blau.
Italian institute technology, genova, Italy.
During differentiation, cell processes initiate exploratory motion to create con-
nections with other cells thereby creating a tissue architecture that is capable of
performing complex tasks. The interplay between mechanical and chemical
stimuli seems necessary for triggering the proper biochemical reactions that
eventually lead to the functional organization of cells and tissue[1].
There are different approaches for studying the focused mechanical-chemical
transduction, either at single cell[2] level or at tissue[3] level. To better under-
stand tissue development ( cell differentiation, cells contact formation, tissue
organization), we would like to bridge the gap between experiments on single
cells and complex tissues. Therefore we are developing a system for combining
optical techniques such as optical tweezers[4] and a laser dissector with elec-
trophysiological tools. Optical tweezers permit to apply localized mechano-
chemical stimuli onto cells[5] while a laser dissector can alter individual neu-
ronal connections[6]. By adopting neuronal networks as a biological model,
neural signal transmission affected by such external stimuli can be recorded
non-invasively by microelectrode arrays.
Ongoing work is targeted at correlating the temporary or lasting changes in
neural networks to the type and site of the stimulus.
1. Pampaloni, F. et al. Nat. Rev. Mol. Cell Biol. 8, (2007).
2. Peyton, S.R. et al. Cell Biochemistry and Biophysics 47, (2007).
3. Judex, S. et al. J. Biomech. 30, (1997).
4. Neuman, K.C. & Block,S.M. Review of Scientific Instruments 75, (2004).
5. Cojoc, D. et al. PLoS. ONE. 2, (2007).
6. Colombelli J. et al. Methods Cell Biol. 82, 267(2007).
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Astrocytic Processes Ensheathing Synaptic Glomeruli cause Anomalous
Extracellular Diffusion
Fanrong Xiao, Sabina Hrabetova.
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Brain extracellular space forms a channel where signaling molecules, growth
factors and therapeutics diffuse. Characterization and quantification of the ex-
tracellular diffusion is thus important for intercellular signaling and drug deliv-
ery. We have recently reported that the extracellular diffusion is anomalous in
the granular layer of rat cerebellar slices (anomalous diffusion model quantified
an average anomalous exponent dw ¼ 5.0). In this respect, the granular layer
significantly differs from most brain regions where the extracellular diffusion
is normal (i.e., dw z 2.0). In biological systems, anomalous diffusion may
